Metallic quantum criticality often develops in strongly correlated systems with local effective degrees of freedom. In this work, we consider an Anderson lattice model with SU (2) symmetry. The model is treated by the extended dynamical mean-field theory (EDMFT) in combination with a continuous-time quantum Monte Carlo method. We demonstrate a continuous quantum phase transition, establish the ensuing quantum critical point to be of a Kondo-destruction type, and determine the anomalous scaling properties. We connect the continuous nature of the transition to a dynamical Kondo effect, which we characterize in terms of a local entanglement entropy and related properties. This effect elucidates the unusual behavior of quantum critical heavy fermion systems.
Introduction. The nature of quantum critical points (QCPs), especially in metallic systems, is of extensive interest to a variety of strongly correlated systems [1] [2] [3] [4] [5] . Strong correlations often produce local effective degrees of freedom as a part of the building blocks for the low-energy physics. This is exemplified by antiferromagnetic (AFM) heavy fermion metals, in which local moments couple and interplay with itinerant electrons. The fate of the local moments and associated Kondo effect has played a central role in elucidating the AFM heavy fermion QCPs, both theoretically [6, 7] and experimentally [8] [9] [10] [11] [12] . Of particular importance is the notion of Kondo destruction [2] , which corresponds to the disintegration of heavy quasiparticles. A Kondodestruction QCP amounts to a delocalization-localization transition of the underlying f -electrons, thereby involving a sudden reconstruction of the Fermi surface. It also makes the quasiparticle weight at the QCP to vanish on the entire Fermi surface, which is responsible for the strange metal behavior in the quantum critical regime and the divergence of the effective carrier mass. Similar features may develop at the Mott transition and doped Mott insulators [13, 14] , in light of the indications for a divergent carrier mass and a Fermi surface reconstruction in the high T c cuprates near their optimal hole doping [15, 16] .
The AFM quantum phase transitions in heavy fermion metals result from a competition between the Kondo and Ruderman-Kittel-Kasuya-Yosida (RKKY) couplings. These interactions respectively promote a Kondo-screened paramagnetic ground state and a longrange AFM order. Kondo destruction was initially studied by analyzing the fate of the Kondo effect near AFM QCPs [6, 17] . In the case of Ising-anisotropic Kondo lattice models, the continuous nature of the quantum phase transition has been demonstrated in a number of studies [18] [19] [20] [21] . While some of the quantum critical heavy fermion systems are Ising-anisotropic [1, 9] , others have a continuous spin symmetry [10] [11] [12] 22] . It is thus impor-tant to address the issue in Kondo or Anderson lattice models with continuous spin symmetry. The latter is also important when connections are explored between the quantum criticality of the Kondo systems with that of the Mott-Hubbard systems such as the cuprates, which are to a good approximation SU (2) symmetric.
In this Letter, we consider an Anderson lattice model with an SU (2) symmetry. We study the lattice model in terms of a self-consistent Bose-Fermi Anderson model via the extended dynamical mean-field theory (EDMFT) [23] [24] [25] . Our study has become possible due to the recent development of a continuous-time Quantum Monte Carlo (CTQMC) approach suitable for the SU (2)-symmetric Bose-Fermi Anderson model [26] , which built on the general CTQMC method [27, 28] ; importantly, we reach temperatures lower than 10 −3 of the bare Kondo temperature. We show that the quantum phase transition is continuous. For the ensuing QCP, we demonstrate its Kondo-destruction nature, and find that the spin dynamics obey ω/T scaling. Equally important, we establish a dynamical Kondo effect by calculating the local entanglement entropy [29, 30] as well as the cross correlations between the local moment and conduction-electron spins. The dynamical Kondo effect underlies the continuous nature of the quantum phase transition, and elucidates the unusual properties of quantum critical heavy fermion systems.
Model and method. We study the Hamiltonian
the d-electron spins, which involve an AFM RKKY interaction I ij . Finally, the repulsive Hubbard interaction U is responsible for turning the d-electrons into local moments; when U is sufficiently large, the model is equivalent to a Kondo lattice Hamiltonian, with an effective AFM Kondo coupling J K being second order in V . The EDMFT approach [18, [23] [24] [25] takes into account the dynamical competition between the hybridization/Kondo and RKKY interactions. Here, the lattice Hamiltonian Eq. 1 is solved in terms of a self-consistent Bose-Fermi Anderson model. In the latter, the local d electrons couple to a fermionic bath and a bosonic bath, where the fermionic bath comes from the conduction electrons and the bosonic bath represents the fluctuations of local moments [31] . After integrating out both baths, we reach the following action:
where β = 1/T , h loc is a static Weiss field, which captures the AFM order, while G c and χ 0 denote the Green's functions of the fermionic and bosonic bath[31], respectively. The self-consistency conditions are:
Here, α ∈ {x, y, z} represents the spin components, with the magnetic order taken along α = z; ρ I ( ) denotes the RKKY density of states, which is obtained from ρ I ( ) = q δ( − I q ). The RKKY interaction I q is the Fourier transformation of I ij , and is the most negative at the AFM wave vector Q; we consider I Q = −2I and the density of states ρ I ( ) = θ(2I − | |)/(4I), which incorporates two-dimensional magnetic fluctuations [6] . The irreducible (and momentum-independent) quantity M α (iω n ) reflects a spin self-energy [23, 24] . The local irreducible spin susceptibility χ loc and ordered moment m AF are:
The expectation value · · · S BF A is taken with respect to the action S BF A (Eq. 2), and the normal-ordered operators are : S z :≡ S z − S z S BF A and : S x,y :≡ S x,y . We consider a generic electron filling [32] with the conductionelectron band having a nonzero density of states at the zero energy in terms of a featureless ρ 0 ( ), for which
. The equations are iterated until convergence, which corresponds to the differences between the two iterations being less than 0.1%.
Continuous AFM quantum phase transition. To determine the phase diagram, we work with the generic parameters U = 0.25, V = 0.40, D = 1.0, for which the bare Kondo temperature T 0 K = 1. Hereinafter, we only vary the RKKY interaction I to tune the ratio of the RKKY interaction to the bare Kondo scale, I/T 0 K . We perform calculations at various values of temperature T and the tuning parameter I/T 0 K . For a given T , an isothermal AFM phase transition is seen through the onset of the order parameter m AF , as illustrated in Fig. 1(a) . We observe a jump in the order parameter, ∆m, at the isothermal transition point, indicating that the finite-temperature phase transition is first order [19] . The phase diagram is shown in Fig. 1(c) . As we approach the zero-temperature phase transition along the T N line (black solid curve), ∆m decreases as shown in Fig. 1(b) ; within the error bar, it extrapolates to zero in the zero temperature limit. This establishes a continuous quantum phase transition at I = I c .
Kondo destruction, quantum criticality and anomalous scaling.
We now turn to the nature and properties of the QCP. We focus on the α = z component of the spin susceptibility, which captures the AFM order and, outside of the ordered region, is equal to the other two components: we will use χ z to denote this quantity inside of the AFM order and simply χ outside of it. The temperature dependence of the static local spin susceptibility χ loc (T ), defined as χ loc (iω n = 0, T ), is presented in Fig. 2 (a) (as well as Fig. S1 [31]) for various values of the RKKY interaction I. For I > I c , it shows a peak at T N . For I < I c , it saturates to a finite value at low temperatures, signifying Kondo screening. χ loc (T → 0) is divergent at I = I c , the QCP. This means that, at the AFM QCP, the Kondo effect is placed at the critical Kondo-destruction point, as seen from the renormalization-group (RG) flow of the Bose-Fermi Kondo model [23, [33] [34] [35] [36] (summarized in supplementary materials[31], Fig. S2 ; particularly the dashed arrow). More precisely, χ loc (T ) at the QCP is logarithmically singular, corresponding to the bosonic bath of the Bose-Fermi Anderson model having a sub-ohmic spectrum with its power-law exponent 0 + (Ref. [6] ). We can then express χ loc (T ) in the following form [17] :
In Fig. 2(b) , we show the dynamical local spin susceptibility χ loc (iω n ) in the paramagnetic part of the phase diagram. At the critical point, I = I c , it also is found to be singular and satisfy Fig. S2 ). We can introduce a local Kondo energy scale E * loc to characterize this saturation [19, 37] , by fitting χ loc (iω n ) in terms of A + B log(ω n + E * loc ). The resulting E * loc as a function of the tuning parameter I/T 0 K is already shown in Fig. 1(c) . This energy scale collapses as the system approaches the QCP, manifesting the Kondo destruction at the QCP.
These results also imply that, at the QCP, I = I c , the AFM spin susceptibility has the following power-law temperature and frequency dependences[31]:
The static lattice susceptibility χ(Q, T ) is shown in Fig. 3(a) , and its dynamical counterpart, at a lowtemperature T = 1.125×10 −3 T 0 K , is presented in Fig. S3 . We find the critical exponents to be α T = 0.701 (28) and α ω = 0.723 (5) .
The temperature and frequency exponents have the same fractional value within the numerical uncertainly. This result suggests that the AFM dynamical spin susceptibility obeys ω/T scaling in the quantum critical regime. To address this issue further, we calculate the AFM dynamical spin susceptibility at the QCP, I = I c , as a function of both frequency and temperature over a range of low temperatures (T 0 K /1600 < T < T 0 K /400). In Fig. 3(b) , we show that (T 0 K ) 1−α T α χ(Q, ω n , T ) at the various temperatures collapses in the form of ω n /T scaling. The critical exponent α is unbiasedly determined by this procedure. Its value, α = 0.709 (3), is compatible with α T and α ω described earlier. Together, these results demonstrate that the dynamical spin susceptibility displays ω/T scaling and fractional scaling exponents. The usual spin-density-wave QCP [38] [39] [40] falls within the Landau framework of order-parameter fluctuations and corresponds to a Gaussian fixed point. The ω/T scaling we found signifies an interacting fixed point. The collapse of the energy scale E * loc at the QCP signifies that the Kondo destruction underlies the beyond-Landau physics. In turn, this implies that the quasiparticle weight vanishes as the QCP is approached, and the Fermi surface jumps between large (counting the Kondo resonance) and small (not counting the Kondo resonance) across the QCP.
Dynamical Kondo effect. We now turn to understand why the quantum phase transition is continuous when the heavy quasiparticles disintegrate at the transition. To do so, we first calculate the entanglement entropy of a local d electron. The entanglement property has been calculated in the standing-alone Bose-Fermi Kondo impurity models [29, 30] , but has not been studied in any Kondo/Anderson lattice models. The local entanglement entropy is defined as S e,loc = −Tr[ρ loc log(ρ loc )], where ρ loc is the density matrix of the lcoal d electron [41] . In Fig. 4(a) , we show the evolution of S e,loc across the QCP. In the Kondo-screened phase, due to the Kondo effect, the local d electrons and the conduction-electron band are Kondo entangled, which results in a large S e,loc [we find S e,loc (I = 0) = 1.386]. Increasing the RKKY interaction I through the QCP, I c , S e,loc drops precipitously, capturing the Kondo destruction. Importantly, it stays nonzero inside the Kondo-destroyed phase at I > I c . This implies that residual Kondo-singlet correlations persist. This is to be contrasted with the naive mean-field picture, which would have associated the Kondo destruction with a complete decoupling between the local d electron and conduction-electron bands; in that picture, the entanglement entropy must vanish. We interpret our result as signifying the persistence of the dynamical Kondosinglet correlations in the Kondo-destroyed phase, even though the static Kondo-singlet amplitude has vanished in the ground state.
This point can be further demonstrated by the cross correlation between the local moment and conductionelectron spins, which has recently been considered in quantum impurity models [42] . The expectation value of S z s z c is shown in Fig. 4 (b) . While it is naturally nonzero in the Kondo-screened phase at I < I c , it remains so at the Kondo-destruction QCP (I = I c ) and in the Kondo-destroyed phase (I > I c ). Through Kramers-Kronig relation [42] , our result, derived for the first time in any lattice model, implies the persistence of the dynamical Kondo correlations across the QCP and into the Kondo-destroyed phase.
The dynamical Kondo effect can be further illustrated by the irreducible local spin susceptibility, χ loc (iω n ), in the ordered phase. The result is given in Fig. 4 (c) . If the local d electrons were completely decoupled from the conduction-electron band, χ loc (iω n ) would vanish at nonzero frequencies. Indeed, χ loc (iω n ) is negligible at I I c , i.e. deep into the ordered phase. As I is reduced towards I c , χ loc (iω n ) progressively grows, reflecting the increased dynamical Kondo-singlet correlations in the Kondo-destroyed phase.
The vanishing of the spectral weight for the welldefined Kondo resonance as the transition is approached from the paramagnetic side underlies the sudden jump of the Fermi surface across the QCP. In a naive mean-field picture, one would have expected the transition to be first order. The dynamical Kondo effect we have demonstrated underlies the continuity of the Kondo correlations across the transition and into the Kondo-destroyed phase, which makes possible for the quantum phase transition to be continuous.
Discussion. Several remarks are in order. First, the dynamical Kondo effect captures the quantum fluctuations in the Kondo-destroyed phase. One of the unusual properties observed [43, 44] in the prototype heavy fermion metals with Kondo-destruction QCPs is the pronounced quasiparticle mass in the Kondo-destroyed phase. The quantum fluctuations associated with the dynamical Kondo effect provide a natural understanding of this property.
Second, our EDMFT-based results for the beyond-Landau QCP in the SU (2) Anderson lattice model set the stage to connect with what happens in the SU (2) Hubbard-Heisenberg models. Recently, EDMFT analyses have also been carried out in the latter models [45] [46] [47] , and have implicated related QCPs. Since the effective local problem in that case is quite similar to what we analyze for the SU (2) Anderson lattice model, it will be instructive to see whether any effect analogous to the dynamical Kondo effect underlies the (nearly) continuous nature of the quantum phase transitions in those models.
Summary.
The SU (2)-symmetric Anderson lattice model has been studied using the EDMFT method, and is shown to display a continuous AFM quantum phase transition. We have established the Kondo-destruction nature of the QCP, demonstrated that the spin dynamics obey ω/T scaling and found fractional temperature and frequency exponents. Finally, we have reported the first calculation of the local entanglement entropy across the Kondo-destruction QCP in any Anderson/Kondo lattice model. The result implies a dynamical Kondo effect, which is crucial for realizing the continuous nature of the quantum phase transition and for elucidating the unusual properties of the quantum critical heavy fermion systems. As such, our results considerably deepen the understanding of quantum critical heavy fermion metals with continuous spin symmetry, and set the stage to link the beyond-Landau quantum criticality of heavy fermion systems with its counterpart in Mott-Hubbard systems.
We [1] . g is the coupling between the local moment and bosonic bath, and JK is the Kondo coupling between the local moment and fermionic bath.
bare Kondo scale is fixed) by the point where the singular (logarithmic) behavior survives to the lowest temperature. We show the evolution of χ z loc (T ) at different ratios of I/T 0 K in Fig. S1 . At I = I c = 0.461T 0 K , χ z loc (T ) has the most straight-line behavior in the semi-log plot.
KONDO DESTRUCTION AND THE RENORMALIZATION GROUP FLOW OF THE BOSE-FERMI KONDO MODEL
In Fig. S2 , we show the renormalization group (RG) flow of the effective Bose-Fermi Kondo model [1] , where g denotes the coupling constant between the local moment and bosonic bath, and J K represents the Kondo coupling. In our study of the Anderson lattice model, we fixed the bare Kondo temperature T 0 K and tune the RKKY interaction I. For the corresponding Bose-Fermi impurity model, this is illustrated by the dashed arrow in Fig. S2 . The model may flow to three fixed points by tuning I/T 0 K . For small I/T 0 K , the impurity model flows to a Kondo-screened fixed point. For large I/T 0 K , the model flows to a Kondo-destroyed fixed point with zero J K . In between, the system passes through the separatrix (the red arrow in Fig. S2 ), where it flows to the Kondo-destruction QCP. On the separatrix, e.g. upon reaching the red arrow following the dashed line from left in Fig. S2 , the local spin susceptibility χ loc (T → 0) diverges. The observations from the RG flow are consistent with the results presented in the main text.
RELATION BETWEEN THE LOCAL SUSCEPTIBILITY AND ANTIFERROMAGNETIC LATTICE SUSCEPTIBILITY
In this section, we summarize the calculation of the antiferromagnetic lattice susceptibility, which in the paramagnetic phase is determined by the Dyson equation [2, 3] : Combining the above equation with the self-consistent equations in the main text, we can derive the following asymptotic relation between χ loc (iω n ) and χ(Q, iω n ), which is valid in the region of 4Iχ loc (iω n ) 1 χ α (Q, iω n ) = 1 4I
[exp(4Iχ α loc (iω n )) − 1]
≈ exp(4Iχ α loc (iω n )) 4I (S.4)
.
FREQUENCY DEPENDENCE OF THE ANTIFERROMAGNETIC DYNAMICAL SPIN SUSCEPTIBILITY
In Fig. S3 , we show the frequency dependence of the antiferromaggnetic lattice spin susceptibility upon approaching the QCP from the paramagnetic phase. At the QCP with I = I c , according to the relationship between local and lattice susceptibilities (Eq. S.4), the antiferromagnetic lattice susceptibility follows a power-law behavior with χ(Q, iω n ) ∼ ω −αω n . Away from the QCP with I < I c , it saturates at low frequencies; this reflects the effect of a nonzero static Kondo singlet amplitude in the ground state.
